Enterococcus faecalis induces the synthesis of at least 42 proteins during 24 h of glucose starvation. Because of its induction during carbohydrate and complete starvation (incubation in tap water) and CdCl 2 and bile salts stresses, one of these proteins (Gls24) was qualified as a "general stress protein" and was analyzed at the molecular level. Its corresponding gene, gls24, seems to be the penultimate gene of an operon composed, altogether, of six open reading frames (ORFs). The ORF preceding gls24 (orf4) showed very strong identity with gls24. The deduced polypeptides of these two genes showed similarity with a 20-kDa hypothetical protein from Lactococcus lactis and an alkaline stress protein from Staphylococcus aureus with no previously known biological significance. Data from the operon sequence and Northern analysis led to the conclusions that (i) gls24 possesses its own promoter which is especially induced at the onset of starvation and (ii) the operon promoter is stress inducible in exponential-phase cells. A mutation in the gls24 gene led to a severe reduction of growth rate and reduction of survival against 0.3% bile salts in the 24-h-starved cells compared to the wild-type strain. Moreover, the chain length of the mutant is significantly reduced during growth. These results argue strongly for a role of the protein Gls24 and/or GlsB in morphological changes and in stress tolerance in E. faecalis. Comparison of two-dimensional protein gels from wild-type cells with those from gls24 mutant cells revealed a pleiotropic effect of the mutation on gene expression. At least nine proteins were present in larger amounts in the mutant. For six of them, the corresponding N-terminal microsequence has been obtained. Three of these sequences map in genes coding for L-lactate dehydrogenase, lipoamide dehydrogenase, and pyruvate decarboxylase, all involved in pyruvate metabolism.
In their natural environment, microbial cells have to sense and to cope with different growth-restricting conditions, like chemical stresses and nutrient deprivation. Therefore, cells develop strategies for survival and resistance against multiple stresses. Sophisticated control mechanisms ensure that selected genes are expressed under the right conditions and at the right time. This expression is regulated through control of transcriptional initiation by alternative sigma factors in some gram-positive and -negative bacteria (20, 26, 37, 39) . As described in several reviews, this process triggers dramatic changes in cellular physiology and even in morphology (43) . Some bacteria, like Bacillus species, form endospores to survive nutrient-poor conditions. In gram-negative bacteria, some starvation-induced genes are known to be involved in the acquisition of a multiresistant state (i.e., katE, treA, xthA, and dps) (2, 9, 47, 49) , in morphological changes (i.e., bolA) (1), or in glycogen synthesis (i.e., glgA and glgS) (31, 55) . The situation seems comparable for Bacillus subtilis in which many stressimplicated genes are under the control of the alternative sigma factor, B . Furthermore, some genes regulated by S in Escherichia coli are under B control of in B. subtilis (i.e., katE, dps, and opuE) (29) .
A B homologous gene has been also identified in other nonsporulating gram-positive bacteria (56, 57) . Surprisingly, in the almost-finished Enterococcus faecalis chromosome sequence (The Institute for Genomic Research) as well as in the closely related species Lactococcus lactis, whose genome has been entirely sequenced, no S -or B -like sigma factors have been found (8) . This observation raises the question of what is/are the mechanism(s) which is/are involved in gene regulation and induction during stress responses in these bacteria. Derré et al. recently showed that clpP and clpC, which are well-known stress-and starvation-inducible genes in B. subtilis, are under the control of the novel regulator protein CtsR in E. faecalis (13) . However, little information is available about the starvation response in gram-positive, non-spore-forming bacteria such E. faecalis. This last is a resident of the intestinal tract of humans and animals. This bacterium can cause serious diseases and is one of the main causes of hospital-based infections. This hardy organism resists many kinds of stresses (17) (18) (19) and is used as a major indicator of the hygienic quality of food, milk, and drinking water. We have previously identified 42 glucose starvation proteins in E. faecalis. Four temporal classes of proteins were defined with respect to their enhanced synthesis after glucose exhaustion (23) . Proteins from the two early classes seem to be the most important for long-term survival and acquisition of multiresistance towards several lethal treatments in E. faecalis (22, 23) . Comparison of twodimensional (2D) protein gels led us to discover that, in E. faecalis strain JH2-2 and ATCC 19433, the intensity of the spot corresponding to protein Gls24 increased during glucose and complete starvation and during different stress treatments. Indeed, compared to its level during growth at 37°C, its abundance increased 3-and 2.1-fold after 12 h of glucose starvation and 2 weeks of total starvation (tap water), respectively (28) . Moreover, CdCl 2 and bile salt stresses induced its level between two-and sixfold (38) . Thus, Gls24 can be considered as a general stress protein. Based on the N-terminal sequence of this a priori important glucose starvation protein, we have identified the corresponding gene, gls24. We show here that gls24 is the penultimate gene of a six-gene operon of hitherto unknown function. In this study, we report the sequence and transcriptional analysis of this operon under stress and starvation conditions. The phenotype of the mutant and its 2D protein pattern are compared with those of wild-type cells.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The E. faecalis strain used in this study for chromosomal DNA and RNA preparation, survival, and protein analysis was JH2-2 (32, 58) . E. coli XL1Blue (Stratagene, La Jolla, Calif.) was used as a host for the construction of subgenomic libraries. Plasmids pBluescript KS(ϩ) (Stratagene) and pUCB300 (21) were used as cloning and integrational vectors, respectively. Cultures of E. faecalis were grown at 37°C without shaking in 20-ml glass tubes containing 10 ml of semisynthetic medium (Bacto Folic AOAC Medium; Difco, Detroit, Mich.) supplemented with glucose. Preliminary growth yield studies using different concentrations of glucose have led to the choice of 0.15% (wt/vol) glucose to ensure that exhaustion of glucose triggered transition to the stationary phase (22) . For plate count, a sample was taken, immediately diluted in 0.9% NaCl, and poured in M17 (51) agar (1.5% [wt/vol]) (Difco) supplemented with 0.5% (wt/vol) glucose. Plates were incubated at 37°C for 48 h. E. coli strains were cultivated under vigorous agitation at 37°C in 2TY medium (48) with ampicillin (100 g/ml) when required.
Challenge conditions. After centrifugation, control cells (exponential-growthphase cells) and 24-h-starved cells were resuspended in fresh semisynthetic medium. Ten milliliters of each culture received one of the following treatments: 62°C, 20 mM H 2 O 2 , pH 3.7 (adjusted with lactic acid), pH 11.9 (adjusted with NaOH), 17% (vol/vol) ethanol, 0.3% bile salts, and 50 mg of CdCl 2 per ml. After 0, 15, and 30 min, a sample was taken for plate count. Survival at any given time point was determined as the ratio of CFU after treatment to the number of CFU at the zero time point.
Analysis of mRNA transcription by Northern blotting. Total RNA of E. faecalis was isolated from exponentially growing, stationary-phase, or stressed cells by using the Rneasy Midi Kit (QIAGEN, Santa Clarica, Calif.). Northern blots of exactly 10 g of electrophoresed RNA were prepared by using Hybond-Nϩ membranes and standard procedures (48) . Sizes of transcripts were estimated by comparing band mobility of standards in an RNA ladder (0.56 to 9.4 kb) (Amersham International, Little Chalfont, United Kingdom). Membranebound nucleic acids were hybridized at a temperature 5°C below the melting temperature with 32 P-labeled probes that were prepared by using terminal deoxynucleotidyl transferase (Amersham International). Membranes were then exposed to a storage phosphor screen (Packard Instrument Company, Canberra, Australia) for 5 h.
Mapping the transcriptional start sites. Primers complementary to the 5Ј coding region of orf1 (5Ј-GATCTTGTTGCGGAAATCCATCACTAT-3Ј) and gls24 (5Ј-CTGGTGTGTGTGGTCCGTTTCCTG-3Ј) were labeled with 10 U of polynucleotide kinase (Boehringer Mannheim) and 2 Ci of [␥ 32 P]ATP (10 mCi/ml) (Amersham International). Total RNA was isolated from E. faecalis JH2-2 at the onset of starvation or after 30 min of CdCl 2 (50 g/ml) stress. The labeled primers were mixed to 10 g of RNA in 14 l of the reverse transcriptase buffer containing 40 U of RNase inhibitor (Boehringer Mannheim). After heating at 65°C for 5 min, annealing was obtained by a slow decrease of the temperature until 25°C. The extension reaction was then performed in a 20-l final volume with 50 U of avian myeloblastosis virus reverse transcriptase (Boehringer Mannheim) and 0.5 mM of each deoxynucleoside triphosphate at 42°C for 1 h. After heat denaturation, 2-l samples were loaded onto a 6% polyacrylamideurea sequencing gel for electrophoresis.
General molecular methods. Restriction endonucleases, alkaline phosphatase, and T4 DNA ligase were obtained from Boehringer Mannheim and used according to the manufacturers instructions. PCR was carried out in a reaction volume of 25 l with 5 g of chromosomal DNA of E. faecalis by using Ready To Go PCR beads (Pharmacia Biotech). The annealing temperature was 5°C below the melting temperature of primers; 30 cycles were performed, and PCR products were purified by using the QIAquick Kit (QIAGEN) before being cloned into the SmaI site of the vector. E. coli and E. faecalis were transformed by using Gene Pulser Apparatus (Bio-Rad Laboratories, Richmond, Calif.) as described by Dower et al. (16) . Plasmids were purified by using QIAprep Miniprep (QIA-GEN). DNA and amino acid sequences were analyzed by using the Mac Vector program (Kodak Scientific Imaging Systems), and databases searches were performed with the BLAST program (3). Other standard techniques were carried out as described by Sambrook et al. (48) .
Construction of the gls24 insertional mutant. To construct an insertional mutant with a disruption in the E. faecalis gls24 gene, a 450-bp AcsI/AcsI fragment of the gene gls24 was ligated with the insertional vector pUCB300 which had been digested with EcoRI. The resulting plasmid obtained after transformation of E. coli XL1Blue was used to transform competent cells of E. faecalis JH2-2. Erythromycin-resistant colonies were selected on agar plates containing 15 g of erythromycin per ml. Integrations were verified by PCR and Southern blot analysis, and the disappearance of protein Gls24 was confirmed by 2D gel electrophoresis.
Electron microscopy. E. faecalis cells were fixed by the addition of glutaraldehyde to a final concentration of 2% (wt/vol) in 0.1 M sodium cacodylate buffer (SCB) (pH 6.8). After this first fixation, cells were rinsed with 0.1 M SCB and fixed for 1 h in 1% (wt/vol) osmium tetroxide in 0.1 M SCB. The samples were then washed twice with 0.1 M SCB, were dehydrated with acetone, were criticalpoint dried by the CO 2 method of Anderson (4), and were coated with gold. Cells were examined and photographed with a JEOL-JSM 6400F field emission scanning electron microscope operating at 5 kV.
2D protein gel electrophoresis. Culture conditions were as described before. Culture aliquots of 5 ml were pulse labeled with 250 Ci [
35 S]methioninecysteine protein labeling mix (1,000 Ci/mmol) (New England Nuclear Co.). Starved cells were labeled during 24 h of starvation. Bacteria were harvested by centrifugation and were washed twice in cold 0.9% NaCl. Cells, resuspended in 500 l of buffer I (0.3% sodium dodecyl sulfate, 200 mM dithiothreitol, 28 mM Tris HCl, and 22 mM Tris), were broken by the addition of glass beads (0.1-and 0.25-mm diameter) and by vortexing for 4 min. Unbroken cells were removed by centrifugation, and the supernatant was transferred to another tube. (44) with modifications as described by Lopez et al. (41) . The first and second dimension were performed by using the Millipore Investigator 2-D electrophoresis system (Millipore). Polyacrylamide gels (14%) without stacking gels were used. Dried gels were exposed to a storage phosphor screen (Packard Instrument Company) for 48 h, and the intensity of synthesis of proteins was determined by the quantification of the corresponding spot using OptiQuant Image Analysis Software (Packard Instrument Company). For the preparative electrophoresis, 50 ml of bacterial culture was used. Protein extraction and the 2D electrophoresis were achieved as above with the following modifications: cells were broken by addition of glass beads and 3 ml of buffer I and by vortexing for 10 min. After 5 min at 100°C, samples were chilled on ice and 145 l of buffer II was added. At the end, proteins were suspended in 30 l of buffer, pH 4 to 8. After separation, the gel was transferred onto a polyvinylidene difluoride membrane (Immobilon-P; Millipore) by electroblotting (MilliBlot-Graphite Electroblotter; Millipore) according to the manufacturer's instructions. After Coomassie blue staining of the membrane, interesting spots were cut off, and proteins were sequenced by the Institut für Biochemie (Wien, Austria).
Nucleotide sequence accession number. The GenBank accession number for the sequence of gls24 and glsB is AJ000042. For the other sequences reported here, preliminary sequence data was obtained from The Institute for Genomic Research website (http://www.tigr.org).
RESULTS
Nucleotide sequence of the E. faecalis gls24 and surrounding genes. First, the gls24 gene was cloned by the reverse genetic approach. The Gls24 protein was purified by preparative 2D electrophoresis, and the sequence of the first 28 amino acids from the N terminus was determined (23) . A 20-bp oligonucleotide probe (5Ј-AAYGARAARTTYAAYAAYGT-3Ј) was designed on the basis of the sequence of the first amino acids (XXNEKFNNV) and was hybridized with E. faecalis chromosomal DNA predigested with different restriction enzymes. The entire sequence of the genes gls24 and glsB was obtained by subcloning a 375-bp Sau3AI-Sau3AI and a 1,724-bp AcsISspI fragment.
Analysis of the nucleotide sequence revealed an open reading frame (ORF) starting with an ATG codon and encoding a protein of 180 amino acids with a calculated molecular mass of 20.2 kDa and a pI of 5. These data are consistent with the location of Gls24 on the 2D gels (23) . The start codon was preceded by a potential ribosome binding site (RBS) sequence GGAGG which was complementary of the 3Ј end of the 16S rRNA of E. faecalis CACCUCCAAA (27) . The RBS sequence and the start codon were separated by eight nucleotides, which is the optimal spacing (seven to nine nucleotides) determined by Vellanoweth and Rabinowitz (54) . It may be noted that an AT-rich inverted repeat (IR) of 18 bp was present 20 bp up-stream of the RBS. gls24 was separated from another downstream ORF (named glsB) by 28 bp. An IR located 53 bp downstream of glsB (⌬G ϭ Ϫ19 kcal/mol [52] ) followed by a stretch of Ts may function as a Rho-independent transcription terminator (12) .
By using the E. faecalis genome sequence provided by The Institute for Genomic Research, four ORFs (named orf1, -2, -3, and -4) located upstream of gls24 were identified. No putative transcriptional terminator was present between these four ORFs or between orf4 and gls24. These data suggested that orf1-, -2, -3, -4, gls24, and glsB constitute an operon that was later confirmed (see below). Each ORF is preceded by a GGAGG RBS sequence separated from the start codon by seven or eight nucleotides. The start codon of orf2 seems to be GTG.
Deduced amino acid sequence analysis of E. faecalis gls24 and surrounding genes. The characteristics and alignment results of the six deduced amino acid sequences with those present in databases are summarized in Table 1 . Orf2 and GlsB did not reveal any significant homology with known proteins. All the other genes show homology with hypothetical proteins or polypeptides of unknown functions from gram-positive bacteria. The proteins Orf3 and Orf4 exhibited 38 and 55% identity to likewise adjacent hypothetical 6-and 20-kDa proteins from L. lactis (15) (Table 1) . Surprisingly, Orf4 and Gls24 are 71% identical over 122 residues from the central part of the sequences. Otherwise, both genes are 39 and 37% identical to an alkaline shock protein ASP23 identified in Staphylococcus aureus which belong to the SigB regulon (34, 36) . Furthermore, the recently completed or nearly completed genome sequences of Streptococcus pyogenes (http://www.genome.ou.edu) and Streptococcus pneumoniae (http://www.tigr.org) revealed proteins with approximately 50% identity to Gls24.
Transcription analysis after stress exposure. Northern blots prepared with RNA isolated from E. faecalis JH2-2 were hybridized with several different probes indicated in Fig. 1C . Figure 1A shows the results obtained with RNA extracted from cells in exponential growth phase (lane 1) at the onset (lane 2) and after 3 and 12 h of glucose starvation (lanes 3 and 4) hybridized with an oligonucleotide complementary to a sequence between gls24 and glsB. A band named m1, whose size corresponds to the entire operon size, is present in lanes 1 and 2. This approximately 3-kb transcript was no longer detectable after 3 or more hours of starvation (lanes 3 and 4) . Unusually shaped bands were present in the region of the blot containing the front edge of the 23S rRNA band. A similar phenomenon, possibly an artifact resulting from the extremely high concentrations of the rRNA species in the gel and the degradation products of the larger transcript, has been observed by other investigators (14, 40) . A second high-intensity band of approximately 0.9 kb (Fig. 1A, m2 ) was specifically present at the onset and in a lesser extent after 3 h of starvation. Since hybridization with probes complementary to orf4, orf2, and orf1 sequences hybridized with the m1 but not with the m2 band (data not shown), the latter corresponds to the gls24-glsB transcript (Fig. 1C) . The 375-bp Sau3AI/Sau3AI fragment containing the region upstream of gls24 was cloned in front of the reporter gene gusA (encoding the ␤-glucuronidase) giving plasmid pNUM24 (M. Uguen, unpublished results). By transformation of the plasmid in E. faecalis, we showed that this construction induced the expression of gusA. At the onset of starvation, this expression is two-to threefold higher than without the cloned promoter fragment, correlating nicely with the observed amplifications on the protein level (data not shown). These results proved that the transcript m2 did not arise from a processing of the m1 mRNA but from the induction of the promoter upstream of gls24. Moreover, no signals were obtained after hybridization with probes based on the sequences downstream of the terminator and upstream of the putative promoter region of the operon. Taken together, these observations suggest a complex transcriptional regulation and that the six-gene operon including gls24 have two promoter regions, one upstream of the first gene orf1 and another between orf4 and gls24. Since synthesis of Gls24 protein is induced after exposure to several stresses, Northern blots were carried out with RNA extracted from E. faecalis exposed to CdCl 2 (50 g/ml) and bile salts (0.08%) stresses as described by Laplace et al. (38) and Flahaut et al. (19) , respectively. Interestingly, the entire operon transcript was strongly induced after CdCl 2 and bile salts treatments (Fig. 1B) . Otherwise, the small transcript m2 was also detectable in these experiments, though in lesser abundance than in cells entering stationary phase.
Mapping the transcriptional start sites. Two potential transcriptional start sites were mapped, one for the entire operon, one starting upstream of the two last genes, gls24 and glsB ( Fig.  2A and B) . We concluded that the T 72 bp upstream of the ATG codon of orf1 and the A 93 bp upstream of the ATG codon of gls24 correspond to the ϩ1 positions of the m1 and m2 transcripts, respectively. Although no A consensus sequences are located at an appropriate distance from the m1 transcriptional start site, sequences sharing similarity to Ϫ35 (TTGCCA) and Ϫ10 (TATTAA) boxes (deviations underlined) separated by an optimal space of 18 nucleotides are located further upstream (Fig. 2C) . No obvious promoter consensus sequence was observed upstream of the m2 start site (Fig. 2D) . Note that the m2 transcriptional start site was located inside the terminal part of the orf4 gene.
Phenotypic studies of a gls24 mutant. Because of the induction of gls24 mRNA under stationary phase and stress conditions, we examined whether a knockout mutation in this gene affected stress resistance and long term survival. The gls24 mutant displayed an extended generation time (58 min) compared to the wild type (45 min) at 37°C in the semisynthetic medium (data not shown). No changes in survival under glucose starvation and resistance to thermal (62°C), hydrogen peroxide (20 mM), CdCl 2 (50 mg/ml), acid pH (3.2), basic pH (11.9), and ethanol (17%) stresses were observed in the mutant cells (data not shown). Nevertheless, gls24 mutants starved for 24 h were more sensitive to a 0.3% bile salts challenge; the percentage of survival was 26-fold lower than in the wild type after 30 min of challenge (Fig. 3) . Interestingly, this phenotype was not observed with an orf4 insertional mutant (data not shown). Moreover, the introduction of a plasmid caring the gls24-glsB operon into the wild-type strain increased fourfold the survival against bile salts challenge, which was another proof of the role of this operon in the resistance towards this stress condition (data not shown).
Morphological features of gls24 mutant. We found that the gls24 mutant and the wild-type strain did not show the same correlation between the optical density at 600 nm (OD 600 ) and the numeration by plate counts. Whereas the size of cells was approximately the same, the number of CFU of gls24 mutants was two-to threefold higher at an equivalent OD 600 . For example, at an OD 600 of 0.5, 1.4 ϫ 10 8 and 3 ϫ 10 8 CFU/ml were counted for E. faecalis JH2-2 and the mutant strain, respectively (Fig. 4) . Microscopic observations revealed that these differences could be explained by differences in chain length ( Fig. 5A and B) . During exponential growth phase, the E. faecalis JH2-2 culture comprised 50 and 20% of three or four and five or more pairs of coccal chains, respectively. In contrast, 80% of gls24 mutant cells were organized in pairs or in very short chains (Fig. 5C) . Moreover, wild-type cells were able to form some very long chains (10 to 15 pairs of cocci) which were never observed in gls24 mutants. Again, this morphological anomaly was not observed with the orf4 insertional mutant. The wild-type phenotype and morphology were restored when complementing the mutant strain with the entire gls24-glsB operon cloned into the low-copy-number plasmid pNZ273 (46) , whereas the plasmid containing only gls24 was inefficient (data not shown). The proper complementation was confirmed by the presence of the corresponding Gls24 spot on 2D gel electrophoresis.
2D polyacrylamide gel electrophoresis of E. faecalis JH2-2 and gls24 mutant strains. We were interested in whether the mutation in gls24 affected the expression of other genes or operons. Analysis of 2D gels revealed that, in addition to the logical absence of the protein Gls24, several differences in the protein pattern existed between the mutant and wild-type cells (Fig. 6) . Nine polypeptides were significantly overexpressed in the gls24 mutant (Fig. 6) . Five of these proteins (numbers 1, 5, 7, 8, and 9) were under the limit of detection in the wild-type Table 2 ). The synthesis of protein 1 appeared independent of the growth phase, whereas the four others were induced during glucose starvation (Fig. 6C and D and Table 2 ). The synthesis of protein 3 increased and that of proteins 2 and 4 decreased to a comparable extent in stationary phase in both mutant and wild-type cells. The reason why they were observed in larger amount in the mutant cells was that their synthesis was already enhanced during the growth phase ( Fig.  6 and Table 2 ). In exponential phase, the level of synthesis of protein 6 appeared similar in the JH2-2 and gls24 mutant strains. Because its synthesis was not repressed in stationary phase as is the case in the wild-type strain, the corresponding spot was more intense in the starved mutant bacteria (Table 2) .
Prior to this study, the N-terminal sequences of the six proteins have been determined, and the corresponding genes of four of these microsequences have been found in the E. faecalis genome database (Table 2 ). Proteins 1, 2, and 3 correspond to the lipoamide dehydrogenase (E3 component of the pyruvate dehydrogenase system), the L-lactate dehydrogenase, and the pyruvate decarboxylase (E1 component of the pyruvate dehydrogenase system), respectively. These enzymes showed at least 60 to 70% identity to the homologous proteins from S. aureus, B. subtilis, and Lactobacillus casei. Interrogation of different databases showed that the gene encoding protein 7 as well as the microsequences of the other polypeptides (proteins 4 and 9) did not reveal any significant homology to known proteins. The obvious induction of one of these proteins in the mutant strain has been verified at the transcriptional level. Northern blot analysis was performed with RNA from growing and starved cells and a probe based on the sequence of the gene encoding the L-lactate dehydrogenase. The corresponding transcript of about 1.2 kb was strongly induced (10-fold) in the mutant cells during the growth phase compared to the JH2-2 strain (Fig. 7) . Moreover, unlike in wild-type cells, the mRNA was still detectable after 3 h of glucose starvation (Fig. 7) .
DISCUSSION
Whereas considerable knowledge about E. coli and other gram-negative bacteria as well as B. subtilis has been gained in recent years, little is known about the stress and starvation responses in gram-positive non-spore-forming bacteria. In this report, we analyzed the regulation and the consequence of a knockout mutation of a gene encoding a general stress protein of E. faecalis named Gls24. Indeed, this protein has been found to be induced by different starvation conditions as well as by several chemical stresses (18, 19, 23, 28, 38) . Moreover, Gls24 is a member of the class A of E. faecalis glucose starvation proteins that comprises polypeptides synthesized in both growing and resting cells and which are overproduced at different times of starvation (23) . An extensive analysis of the E. faecalis genome sequence allowed us to identify gls24 as the penultimate gene of a hitherto unknown six-gene operon. Surprisingly, gls24 exhibited strong homology with orf4 located just upstream.
The operon is under complex regulation. The transcriptional start sites of the two promoters P1 (governing the expression of the entire operon) and P2 (controlling the two last genes including gls24) were mapped. Starvation induction of gls24 is due to the activation of this internal promoter, and basal expression and the chemical stress induction is initiated at P1. This difference is reflected by the significant sequence divergences in the promoter areas. Whereas Ϫ10 and Ϫ35 boxes close to the consensus of A -dependent promoters have been found nearby the transcriptional start site in P1, P2 is characterized by less-conserved sequences in these regions. In L. lactis, a promoter upregulated during transition into stationary phase (P170) has recently been described (42) . P170 controls the expression of a monocistronic gene orfX (encoding a protein of unknown function) and may be induced by a hithertounknown transcriptional factor. In contrast to P2, transcription from P170 was only induced if the pH was between 6.5 and 6.0. Moreover, comparison of promoters P2 and P170 shows that they are very different. Like P2, P170 lacked the consensus Ϫ35 region but contained an extended Ϫ10 box (42) . This motif occurs frequently in promoters from gram-positive bacteria and is strictly required for activity in E. coli promoters that lack a consensus Ϫ35 region (6, 24, 33, 35) .
The 18-bp IR located in the promoter region upstream of the start codon of gls24 consists exclusively of A and T nucleotides. This characteristic is similar to the Per box, a sequence flanking promoters of genes responding to oxidative stress in B. subtilis (mrgA, katA1, hemAXCDBL operon, and ahpC) (5, 7, 11, 45) , Listeria seeligeri (kat) (25) , and E. faecalis (ahpC) (10) . It has been proposed as the target site for the recently discovered peroxide regulon repressor PerR in B. subtilis (10, 11) . However, it is premature to speculate if the IR of the gls24-glsB promoter is also involved in the control of transcription initiation upon entrance into stationary phase.
Disruption of the gls24 gene provoked obvious growth and morphological defect, sensitivity toward a bile salts challenge, and modifications of expression of several genes. Owing to its lifestyle, E. faecalis has to cope with an environment containing bile salts. Therefore, the sensitivity to this agent and the reduced growth rate of the gls24 insertional mutant suggest that gls24-glsB operon gives a selective advantage to survive under these conditions. The altered phenotype of the gls24 mutant, despite the presence of a gene showing important homology to it, revealed that Gls24 and Orf4 seem to have different physiological roles. This conclusion is strengthened by the result that a knock out mutation in orf4 does not lead to the modifications observed in gls24 mutant cultures. However, it cannot be omitted that these paralogues can complement each other under environmental conditions and that GlsB may play a role in gls24 mutant phenotype. Moreover, the presence of these two genes in the same operon structure (probably having evolved by gene duplication) may indicate that their products have important function in cellular metabolism.
To our knowledge, such a mutant reduced-chain-length phenotype has so far not been described for chain-forming bacteria. Because the wild-type phenotype is restored by complementation with a fragment containing gls24 and glsB, but not gls24 alone, it is highly probable that the insertional mutation has a polar effect on glsB expression. So our phenotype and complementation analysis suggest that Gls24-GlsB or, more likely, GlsB alone may be involved in cell attachment. Alternatively, it is possible that the role of these proteins in this phenomenon is indirect, and one or several of the polypeptides showing modified expression in the gls24 mutant strain may be responsible for this effect.
Three of these proteins had been identified to correspond to the L-lactate dehydrogenase, lipoamide dehydrogenase, and pyruvate decarboxylase. The latter two enzymes constitute, with a third polypeptide (dihydrolipoyl transacetylase), the pyruvate dehydrogenase complex (30) . Interestingly, these proteins are involved in the pyruvate crossroad, leading either to the formation of lactate or acetyl coenzyme A. The reason why the two branches were activated in the mutant cells is not clear at present. The identification of the remaining six proteins induced in the gls24 mutant strain may contribute to under- FIG. 7 . Northern blot analysis of total cellular RNA isolated from strain JH2-2 (lanes 1 to 3) and gls24 mutant (lanes 4 to 6). Samples were prepared from cells in exponential growth phase (lanes 1 and 4) , at the onset of starvation (lanes 2 and 5), and after 3 h of glucose starvation (lanes 3 and 6). A 32 P-labelled 20-bp oligonucleotide deduced from the sequence of the gene encoding L-lactate dehydrogenase (5Ј-CGTCAGGATTATTTTTCACC-3Ј) was used as a hybridization probe. Position of the 1.2-kb mRNA is indicated. [22] [23] 1998) . Because the esp gene is not constantly present in E. faecalis isolates, this may also be the case for both gls24 and glsB genes. From these observations and because the JH2-2 strain is also a clinically derived isolate (32, 58) , it will be interesting to determine whether gls24 as well as the entire operon are involved in virulence.
In conclusion, this report gives the first insight into the complex regulation and function of a stress-and starvationinducible operon of E. faecalis. Inactivation in the corresponding gene has a pleiotropic effect on cell morphology, stress sensitivity, and expression of several genes. Work is in progress to understand the molecular basis responsible for these modifications, to analyze the function of the other genes of the operon, and to identify the regulators of this stress-and starvation-inducible genomic island of E. faecalis.
